ABSTRACT In this paper, an enabling multi-operation branch-line coupler is proposed initially. The proposed design is configured by ±90 • and 180 • transmission lines, and the main advantage is that the proposed design can be applied in three different system connection schemes as shown in Fig. 1 . Corresponding to the three schemes, the coupler can be with three operations (e.g. the operations of balanced input with single-ended outputs, single-ended input with single-ended outputs, and single-ended input with balanced and single-ended outputs). This can increase the flexibility and freedom of the coupler for systems with different connection types. Furthermore, the common-mode suppression can be achieved under the operation. The standard and mixed-mode S-parameters are utilized to deduce the circuit parameters. Two prototypes using 3/4 λ g (λ g is the guided wavelength at the center frequency) transmission line (design I) and coupled line with two shorts (design II) to realize the −90 • transmission line were designed, fabricated, and measured to verify the theoretical prediction. The sizes of the two prototypes are 0.98 λ g × 0.2λ g and 0.65λ g × 0.2λ g , respectively. Design I (design II) exhibits the 15-dB operating bandwidths for the three operations of 8% (9%), 7.3% (9%), and 6.7% (7.8%), respectively.
I. INTRODUCTION
With the development of wireless communication system, both single-ended and balanced components have been widely applied due to their respective advantages. For single-ended one, it shows simple configuration and design method [1] - [7] . For balanced ones, high immunity to the environmental noises and convenient connection with other balanced circuits or antennas can be achieved easily [8] - [12] . According to different requirements, a system maybe composed of all single-ended components or both singled-ended and balanced components. Thus, the flexibility of such system can be greatly improved if a component can be applied in various operations such as the operations of balanced input with single-ended outputs, single-ended input with singleended outputs or single-ended input with balanced and singleended outputs.
Branch-line coupler, which has the features of power division with 90 • phase difference, is one of the most basic microwave components for circuit and system applications. Most of the branch-line couplers are single-ended designs.
The most traditional single-ended one is realized by four quarter-wavelength microstrip lines with specified characteristic impedances [13] . Some improved single-ended couplers are achieved by utilizing novel structures [14] - [21] to replace the conventional quarter-wavelength line. Small numbers of couplers are balanced designs, which are proposed by using four quarter-and half-wavelength microstrip lines [22] and coupling structure [23] . However, both single-ended and balanced branch-line coupler can only realize single operation, which cannot be applied for different system connection schemes. Thus, the flexibility and freedom of the branch-line coupler for system application is limited. To our knowledge, no enabling multi-operation branch-line coupler has been reported. Thus, it is worth to study how to enable a branch-line coupler to realize multi operation. 1 shows one kind of enabling multi-operation branchline coupler. Three operations can be applied in the three system connection schemes. When the input and output devices of the branch-line coupler are balanced and single-ended devices, respectively, operation I of the branch-line coupler with balanced input and single-ended outputs can be applied as shown in Fig. 1(a) . Operation II of the branch-line coupler with single-ended input and outputs can be utilized in a system with all single-ended devices. Operation III of the branch-line coupler is fit for the connection scheme with single-ended device at the input port and one single-ended and one balanced device at the output ports. Therefore, the enabling multi-operation branch-line coupler can greatly enhance its practicability and flexibility.
In this paper, an enabling multi-operation branch-line coupler using ±90 • and 180 • transmission lines is proposed, and can achieve the three operations in Fig. 1 . Furthermore, under the operation I (the balanced input with single-ended outputs), high common-mode suppression of the branch-line coupler can be obtained. Theoretic analysis, parametric study, design procedure and two prototypes are given.
Section II gives the theoretic analysis and parametric study to get the parameters of the proposed branch-line coupler. And the design procedure is summarized. Section III demonstrates a branch-line coupler (design I), whose is realized by 3/4 λ g microstrip line. Section IV exhibits another one (design II), whose −90 • transmission line is achieved by 1/4 λ g coupled line with two shorts. Section V summarizes the full paper, and gives a conclusion. . In this section, scattering matrix combined with ABCD-matrix of the circuit model is utilized to achieve the analytical solution, and S ss , S ds and S cs are adopted to describe the mixed-mode S-parameters [24] .
II. THEORETICAL ANALYSIS

A. STANDARD S-PARAMETERS AND MIXED MODE S-PARAMETERS
The proposed enabling multi-operation branch-line coupler is a five-port component, the standard scattering matrix [S std ] can be defined as 
[ 
where the matrix [M] can be described as
Substituting equations (1) and (3) into equation (2), equation (4) as shown at the bottom of the previous page can be obtained. Then, according to equations (1)- (4), and the performance requirement of the proposed coupler, we can derive
From the equations (5a)-(5e), and considering the relationship between S-matrix and Y-matrix [13] , we can get There are two paths from ports 3 to 4 as shown in Table 1 , the two-port transmission matrices of the paths I and II are written as Converting the ABCD-matrix in equations (7a) and (7b) into the admittance matrix, we can obtain
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Therefore, from equations (9a) and (9b), the admittance parameter can be obtained as
The ABCD-matrix between the ports 3 and 5 for two paths as shown in Table 1 are exhibited as
According to the equations (11a) and (11b), we can get In the same way, the ABCD-matrix between ports 4 and 5 for two paths as shown in Table 1 can be derived as
Also, the admittance parameters can be derived from the equations (13a) and (13b), and can be written as
Substituting equations (8), (10), (12), (14) Although arbitrary Z 1 can make the proposed branch-line coupler work properly at the center frequency (f 0 ) according to the theoretic analysis, the effect of Z 1 on the performance in a specified frequency range should be studied. Fig. 3 exhibits the simulated responses of the circuit model with different Z 1 (20 , 40 and 60 ) . It can be seen from Figs. 3(a) and 3(b) that the impedance matching (|S ddAA |) bandwidth for operation I will increase with Z 1 . But the bandwidth of the isolation and common-mode suppression (|S sdDA |, |S scBA/CA/DA |) will decrease with the increase of Z 1 . Fig. 3(c) shows that the impedance matching bandwidth for operation II will increase with Z 1 , while the isolation (|S ssBC |) bandwidth has no distinct change. Fig. 3(d) exhibits that the impedance matching (|S ssDD |) and isolation (|S dsAD |) bandwidth for operation III will decrease with the increase of Z 1 .
C. DESIGN PROCEDURE
Based on the above analysis, the design procedure of the proposed enabling multi-operation branch-line coupler is very simple, and can be summarized as follows
Step 1: Get the value of Z 2 , Z 3 , Z 4 and Z 5 from the equations (15a) or (15b). Step 2: Select the appropriate Z 1 according to bandwidth variation law in Fig. 3 and bandwidth requirement of each operation.
Step 3: Provide a structure to realize -90 • transmission line in the circuit model. And do the full-wave simulation for the whole structure.
III. DESIGN I
In design I, the −90 • transmission line is realized by 3/4 λ g microstrip line, and the characteristic impedance is still Z 5 . The center frequency (f 0 ) is expected at 1.76 GHz. The circuits are designed on the RO4003C substrate with dielectric constant of 3.38, thickness of 0.813 mm, and loss tangent of 0.0027. The measured results of the three prototypes are obtained from four-port Keysight N5230C vector network analyzer. Fig. 5(a) shows the simulated and measured results for operation I. It can be seen that the isolation and differential-mode impedance matching bandwidths (|S ssDA/BC |, |S ddAA | < −15 dB) in operation I is about 8.5% and 8%, respectively. And the minimum insertion loss is 0.32 dB at the center frequency of 1.76 GHz. Fig. 5(b) exhibits the common-mode results for operation I, and the common-mode suppression is higher than 20 dB from 1.56 GHz to 1.90 GHz. Fig. 5(c) exhibits the results for operation II. It can be seen from Fig. 5(c) that the minimum insertion loss is 0.37 dB at the center frequency. The 15-dB impedance matching bandwidth is from 1.67 GHz to 1.89 GHz, and the isolation between ports B and C and ports A and D are higher than 15 dB over the frequency range from 1.71 GHz to 1.84 GHz, and from 1.63 GHz to 1.90 GHz, respectively. Fig. 5(d) shows that the results for operation III. The fractional bandwidths for |S ssDD | < −15 dB and |S sdDA/ssBC | < −15 dB are of 6.7% and 7.3%, respectively. Fig. 5(e) shows that the measured phase difference between the output ports at operations I, II and III. The frequency ranges of the phase difference between 90 • ± 5 • at operation I, II and III are from 1.59 GHz to 1.85 GHz (15.1%), from 1.63 GHz to 1.97 GHz (18.9 %) and from 1.70 GHz to 1.91 GHz (11.6%), respectively.
IV. DESIGN II
In design II, a 1/4 λ g coupled line with two shorts is utilized to realize the −90 • transmission line. Figs. 6(a) and (b) shows the circuit model of design II and the structure of the proposed coupled line with two shorts. To make the coupled line be equivalent to a microstrip line with the characteristic impedance of Z 5 and electrical length of −90 • , the coupled line should satisfy
where c is the coupling coefficient. Although different values of c can achieve this replacement, it is found that the bandwidth of some performances of design II will be varied with c. almost not change with c. However, the implementation of the coupled line with two shorts should be considered. If the implemented coupled line is the coplanar coupled microstrip line, it is impossible to achieve the required Z 5e and Z 5o , because the small Z 5 requires high coupling of a coupled line. Therefore, we proposed the coupled line in Fig. 6 (b) to realize high coupling. It is found that c can achieve about 0.8 under the condition of Z 5 = 35.36 on the substrate RO4003C used in this paper. Thus, design II can be achieved by following steps. First, according to the design procedure in Section II, we can get Z 1 = 20 , Z 2 = 24.57 , Z 3 = 50 , Z 4 = 35.97 , Z 5 = 35.36 , and we can get the respective initial dimensions. Second, Z 5e = 141.4 , Z 5o = 15.72 , when c is about 0.8 and Z 5 = 35.36 , and then get the dimensions of the proposed coupled line according to Z 5e and Z 5o . Fig. 8(a) exhibits the layout of the proposed design II. The final dimensions are: w 1 = 7 mm, w 2 = 4 mm, w 3 = 1.86 mm, w 4 = 2.6 mm, w 5 = 3.5 mm, l 1 = 50.1 mm, l 2 = 37.8 mm, l 3 = 18 mm, l 4 = 27 mm, and l 5 = 28 mm. Fig. 8(b) shows the photograph of design II with the size of 0.65 λ g × 0.22λ g (65 × 22 mm 2 ). Fig. 9(a) shows the simulated and measured results at operation I of design II. It can be seen from Fig. 9(a) that the isolation and differential-mode impedance matching bandwidths (|S ssDA/BC |, |S ddAA | < −15 dB) at operation I is about 9% and 10.8%, respectively. And the minimum insertion loss is 0.28 dB at the center frequency of 1.67 GHz. Fig. 9(b) exhibits the common-mode results for operation I, and the common-mode suppression is higher than 20 dB from 1.52 GHz to 1.84 GHz. Fig. 9(c) exhibits the results at operation II of design II. It can be seen from Fig. 9(c) that the minimum insertion loss is 0.23 dB at the center frequency. The 15-dB impedance matching bandwidth is from 1.56 GHz to 1.79 GHz, and the isolations between ports B and C and ports A and D are higher than 15 dB over the frequency range from 1.59 GHz to 1.74 GHz, and from 1.57 GHz to 1.80 GHz, respectively. Fig. 9(d) shows that the results at operation III of design II. The fractional bandwidths for |S ssDD | < −15 dB and |S sdDA/ssBC | < −15 dB are of 7.8% and 9%, respectively. Fig. 9(e) shows that the measured phase difference between the output ports at operations I, II and III. The frequency ranges of the phase difference between 90 • ± 5 • at operation I, II and III are from 1.47 GHz to 1.70 GHz (14.5%), from1.52 GHz to 1.72 GHz (12.3 %) and from 1.55 GHz to 1.71 GHz (9.8%), respectively.
The performances of previous state-of-art designs and our proposed designs are summarized in Table 2 . Comparing with designs I and II, design II has wider operating bandwidths and smaller size than those of the design I. Compared with the previous state-of-art designs, the proposed designs show the advantage of multi operation, which will greatly enhance the practicability and flexibility of the component.
V. CONCLUSION
In this paper, an enabling multi-operation branch-line coupler is proposed for the first time. The proposed design not only exhibits the practicability and flexibility of a branchline coupler for multi operation, but also shows the advantages of high common-mode suppression under the operation of balanced input with single-ended outputs (operation I). Theoretic analysis, parametric study and design procedure have been given to guide the practical design. The proposed branch-line coupler is believed to be able to promote the circuit and system flexibility.
